ABSTRACT
INTRODUCTION
Pulmonary vascular resistance (PVR) in healthy fetuses is higher in utero in comparison with that observed after birth. As a consequence, less than 25% of the combined cardiac output is destined for the pulmonary vascular bed throughout gestation 1 . The PVR is even higher in fetuses with lung hypoplasia (LH). As severe LH is associated with a high risk of mortality and morbidity irrespective of the etiology 2, 3 , recognition of fetuses with high PVR and altered pulmonary vascular health due to severe LH is important for accurate counseling regarding anticipated outcomes, optimal perinatal management and identifying the cases that are most appropriate for intervention.
Accurate fetal PVR assessment by ultrasound or fetal echocardiography is challenging, as the blood pressure must be assumed and the blood flow is determined only from Doppler signals. Branch pulmonary artery (PA) Doppler flow patterns have been used to evaluate indirectly PVR in adults and pediatric patients with pulmonary hypertension 4 , with more recent application in fetuses at risk for LH. The PA acceleration-to-ejection time ratio (AT/ET) has been shown to be lower in lethal fetal LH 5 . Higher peak late-systolic/early-diastolic reversed flow (PEDRF) has also been described in fetuses with diaphragmatic hernia associated with very low lung area to head circumference ratio 6 . Finally, higher PA pulsatility index (PI) has also been observed in cases with severe LH 7 . Previous studies have shown that branch PA-PI decreases in response to maternal hyperoxia in late gestation, and it has been suggested that maternal hyperoxia could be used to test for fetal pulmonary vascular responsivity 8, 9 . However, whether other Doppler-based PA parameters change in response to maternal hyperoxia has not been assessed before. Furthermore, although the change in PA-PI in response to maternal hyperoxia has been reported previously 8, 9 , one recent study suggested significant individual variability among healthy pregnancies 10 . In the present study, we sought to investigate the evolution of fetal branch PA diameter, found previously to be a useful indicator in assessing the severity of LH 11 , and PA Doppler parameters in healthy fetuses, from mid-trimester to term. We further assessed Doppler parameter changes in response to maternal hyperoxia as a marker of pulmonary vascular responsivity, a feature that is lacking in fetuses with severe LH.
METHODS
The study was approved by the Human Ethics Board of the University of Alberta, Canada. Healthy women with uncomplicated pregnancies and no fetal pathology in the second and third trimesters were recruited prospectively. Gestational age was determined from the last menstrual period or crown-rump length at first-trimester ultrasound examination. Fetal echocardiography was performed using a Siemens S2000 (Siemens Medical Solutions, Mountain View, CA, USA) ultrasound machine with 6C2 or 7CF2 transducers, or a Voluson E8 (GE Healthcare Ultrasound, Milwaukee, WI, USA) system with M6C or RAB4-8 transducers. Branch PA diameter measurements were taken in axial images at the level immediately after the bifurcation of the branches, as previously described 12 ( Figure 1a ). Doppler interrogation of the branch PAs was performed within the central segment between their origin at the main PA and their branching in the lung, with an angle of insonation of < 20
• . AT/ET, PEDRF and PI were measured for each PA branch by averaging three cardiac cycles for each parameter (Figure 1b) . After baseline branch PA Doppler assessment in room air, 8-10 L/min of oxygen was administered to the mother through a non-reservoir facemask for 10 min and Doppler parameters were reassessed. Each Doppler parameter was measured from three cardiac cycles and the average was calculated. Maternal hyperoxia was performed in 22 cases at < 30 weeks' gestation and 35 cases at ≥ 30 weeks' gestation. The percentage of change with maternal hyperoxia was calculated as [(value on oxygen−value at baseline)/value at baseline] × 100. Statistical analysis was performed with Prism software version 5.0a (GraphPad Software Inc., La Jolla, CA, USA). Spearman's rank correlation was conducted with the first study from each patient to assess the relationship between parameters and gestational age. The change with maternal hyperoxia was compared for each parameter using the data before and after maternal hyperoxia in each fetus by means of Student's paired t-test. Data were deemed statistically significant at P < 0.05.
RESULTS
Fifty-four healthy women with uncomplicated singleton pregnancy were recruited prospectively into the study. All pregnancies had confirmed normal outcome, with term birth of healthy neonates without significant cardiac or extracardiac pathology. Of the 54 pregnancies, 37 had a single fetal echocardiogram, whereas 17 had two assessments, one before and the second at or after 30 weeks of gestation. Repeated measurements for a given pregnancy were only included for the comparison of response to hyperoxia at < 30 and ≥ 30 weeks. Mean gestational age at maternal hyperoxia was 25.3 ± 3.9 weeks in the group of women assessed < 30 weeks of gestation and 33.8 ± 2.1 weeks in the group assessed ≥ 30 weeks of gestation.
The diameter of the right PA branch (RPA) could be measured in all studies, while the left PA branch (LPA) was measurable in 96% of the studies. Branch PA diameters increased linearly with gestational age for both PAs (Figure 2 ).
Doppler interrogation of the branch PAs was feasible in 100% of the studies for the RPA and 98% of the studies for the LPA. AT/ET increased linearly with gestational age for both PAs (Figure 3 ). PEDRF increased quadratically toward term for both PAs (Figure 4 ). PI did not show any trend from mid-to third trimester for either PA branch ( Figure 5 ). However, with maternal hyperoxia challenge, there was a significant decrease in PI for both branch PAs in women assessed ≥ 30 weeks of gestation (RPA P = 0.025, LPA P = 0.040; Figure 6 ), although no response or a slight increase in PI was observed in 31% of the cases, in contrast to the expected outcome. When evaluating the baseline measurements of the whole cohort, the change of PI with gestation did not show a significant trend (Figure 7) . AT/ET in the LPA increased slightly (P = 0.073) with maternal hyperoxia ≥ 30 weeks of gestation, whereas RPA AT/ET and PEDRF in both branch PAs did not change in response to maternal hyperoxia (data not shown).
DISCUSSION
Our study has confirmed that branch PA diameters and PA Doppler indices can be assessed in most normal fetuses in the second and third trimesters. Knowledge of the structural and functional developmental changes of the pulmonary vascular bed is potentially helpful in interpreting our findings. Postmortem studies of human fetuses have shown that fetal PA branching patterns remain essentially the same to the level of terminal bronchioles from 19 weeks to term 13 . Larger proximal PAs increase in diameter and length with gestation, changing proportionally to the pathway they supply 13 . In contrast, distal PAs increase substantially in number, but not size, with gestation 14 . This increase, as well as the maturation of vascular smooth muscle, contributes to the control of PVR 15 . The linear growth of the proximal branch PAs we observed was consistent with postmortem findings, and mirrors downstream pulmonary vascular development through gestation with increasing diameters to accommodate increasing blood volume and lung mass.
Total fetal pulmonary blood flow has been shown to increase slowly with advancing gestation in both fetal lamb 16 and human 1, 8 studies, achieving up to 15-30% of the combined cardiac output. The evolution of PVR, however, has not been consistent between lamb and human studies. Early investigations in instrumented lambs suggested that fetal PVR decreases progressively from 6 to 0.3-0.35 mmHg/min/mL between 0.4 and 1.0 of gestation 17 . However, in non-anesthetized fetal lambs, Morin and Egan demonstrated that when corrected for dry lung weight, neither pulmonary blood flow nor PVR changed in the latter third of gestation 18 . Doppler-based investigations in humans with calculated PVR based on assumptions have suggested that the PVR decreases between 20 and 30 weeks of gestation and may increase thereafter 19 .
PA Doppler profiles are influenced by intrinsic structural and functional characteristics of the pulmonary vascular bed. The oscillatory nature of PA Doppler profiles is in keeping with more complex events that include the evolution of backward compression waves from closed-end reflection sites of the distal pulmonary vasculature 20 . PA Doppler profiles are also influenced by right heart function, and, as a consequence of the ductus arteriosus, by relationships between resistance of the pulmonary, systemic and placental vascular beds.
PA AT/ET has been demonstrated to correlate with invasively assessed PVR in children and adults with pulmonary hypertension 4, 21 . Although our observation of fetal PA AT/ET increasing linearly with gestation could fit early fetal lamb studies, this would not be in keeping with reported changes in PVR in human fetuses 19 . Furthermore, lack of response to oxygen even in the third trimester, which we have also demonstrated before in a murine model 22 , suggests that AT/ET may not be a good marker of fetal PVR. In children, branch PA AT/ET correlates with PA compliance 21 , a measure related to the histological characteristics rather than vascular tone that would not respond acutely to oxygen. A measure of PA compliance would still be relevant to fetuses with worse LH that are likely to have reduced PA compliance 23 . In support of its clinical utility, we recently demonstrated lower baseline fetal PA AT/ET in pregnancies with prolonged prelabor rupture of membranes, and both neonatal demise and worse respiratory morbidity 24 .
Our observation that PA AT/ET increases with gestation is in contrast with the findings of Fuke et al. 5 who observed that AT/ET changed minimally with gestation and was of significantly lower value. We included data obtained only with Doppler interrogation angle of insonation of < 20
• as the acceleration time was often erroneously shortened at greater angles resulting in an underestimation of its duration. Sweep speed was increased to stretch Doppler signals ensuring adequate visualization of peak systolic velocity. Consistently lower LPA AT/ET could have been caused by a more difficult angle of origin and separation of LPA from ductus arteriosus signals given their close proximity. It could also have reflected differences in right and left lung vascular beds resulting in mildly reduced flow to the left lung, also observed postnatally. Our observation of PEDRF increasing quadratically with gestation was in keeping with other published reports 6 . If PEDRF were a marker of PVR, our observation would, on the surface, contradict observed gestational changes in AT/ET and not fit observations in human fetuses. However, increased PEDRF velocity later in gestation could reflect greater increased transient vasoconstriction of the distal pulmonary vascular bed, believed to contribute, at least in part, to the backward compression wave 20 . Based on waveform analysis 20 , as the PEDRF is impacted by the magnitude of the initial systolic forward flow, increasing right ventricular output and ejection force that occur with gestation 25 could also contribute to increased reversed velocities. Lack of change in PEDRF in response to hyperoxia may relate to the difficulty of repeated measurements, given the reliance on perfect Doppler alignment, or to the fact that the measurement may also be more influenced by structural changes in the (distal) pulmonary vascular bed and right heart function.
Finally, baseline branch PA-PI was quite variable throughout the second and third trimesters without a specific trend, a finding demonstrated previously by others 26 . Such variability could reflect acutely changing relative differences in systemic, pulmonary and placental vascular resistance, which may be variable even in the same setting as the fetus moves, breathes and stops breathing. Recent human magnetic resonance imaging data also suggest that third-trimester fetuses demonstrate significant pulmonary blood flow variability from one pregnancy to another, representing anywhere from 4% to 30% of the combined cardiac output 1 . When examining individual fetal responses before and after 30 weeks of gestation, hyperoxia challenge, at least in late gestation, was associated with a significant decrease in PI in both PAs suggesting vascular responsivity, but this response was also quite variable among pregnancies with 31% not responding as expected. We have also observed similar variability in the response to maternal hyperoxia in our spontaneously breathing maternal-fetal rat model 22 , which could suggest that the true physiological response may be less predictable. Given the current and reported observations, we would suggest that, even after 30 weeks of gestation, lack of response to maternal hyperoxia in a fetus at risk for LH should be interpreted with caution, whereas a positive response may be reassuring.
In conclusion, fetal branch PA diameters increase linearly with gestation from the mid-trimester. PA AT/ET also increases linearly, but lack of response to maternal hyperoxia could suggest it is not a good measure of vascular tone but could still reflect PA compliance. PEDRF increases quadratically with gestation and does not change in response to hyperoxia. Although maternal hyperoxia triggers a decrease in PA-PI after 30 weeks, suggesting pulmonary vascular responsivity, the variability in the response to hyperoxia of healthy pregnancies reduces its utility in clinical practice.
